The Yixian Formation (the Lower Cretaceous) of China is world famous for its fossils of early angiosperms. Although these diverse angiosperms demonstrate an unexpectedly great diversity, few are preserved as whole plants (not mention of monocots), making our understanding of them incomplete. Here, we report a fossil angiosperm, Sinoherba ningchenensis gen. et sp. nov (Sinoherbaceae fam. nov.), from the Yixian Formation of China; this fossil has a physically connected underground stem with fibrous rootlets, a stem with branches and nodes, leaves with parallel-reticulate veins, and a panicle of female flowers with an ovary surrounded by perianth. Morphological and phylogenetic analyses revealed that Sinoherba is an herbaceous monocot taxon. This newly discovered fossil underscores the great diversity of angiosperms in the Lower Cretaceous Yixian Formation.
Although angiosperms constitute the most diversified plant group in the current world 1 , the origin, evolution and systematics of angiosperms are little understood or misunderstood. Early angiosperms including the famous Archaefructus 1-4 have been reported from the Yixian Formation of northeastern China, but few of them are preserved as whole plants. Such fragmentary information hinders our full understanding of early angiosperms. To improve our understanding of early angiosperms, here, we report a new fossil plant, Sinoherba ningchengensis gen. et sp. nov. (Sinoherbaceae fam. nov.), from the Yixian Formation (the Early Cretaceous, 125 Ma). This fossil has a physically connected underground stem with nodes and fibrous rootlets; a stem with nodes, leaves and branches at the nodes; leaves with parallel-reticulate veins; a panicle arising from the axils of the leaves; and female flowers with an ovary surrounded by perianth. Morphological and phylogenetic analyses revealed that Sinoherba is an herbaceous monocot. Furthermore, Sinoherba demonstrates a novel character assemblage that helps elucidate the derivation of both gynoecia and growth habits of early angiosperms, underscores the great diversity of angiosperms in the Lower Cretaceous Yixian Formation, and suggests an earlier-than-assumed origin of angiosperms.
The Yixian Formation of China is well known for the Johel Biota as well as various fossil animals 5- 12 and plants [13] [14] [15] [16] [17] . Among the plants are Bryophyta, Lycopodiales, Equisetales, Filicales, Pteridospermae, Cycadales, Bennettitales, Ginkgoales, Czekanowskiales, Coniferales, and Angiospermae [13] [14] [15] [16] [17] . A general consensus exists with respect to the age of the Yixian Formation, namely, approximately 125 Ma (the Barremian-Aptian, Lower Cretaceous) 19 . The new fossil plant was collected from an outcrop of the Yixian Formation in Dashuangmiao, Ningcheng, Inner Mongolia, China (Fig. 1) . The specimen was preserved as a compression/impression in thin-layered siltstone, and embedded coalified residue was present. The specimen is 26 cm long and 5 cm wide; it is preserved on a slightly yellowish grey siltstone slab approximately 25 cm × 38 cm (Fig. 2) . The specimen was imaged using a Nikon D200 digital camera and a Nikon SMZ1500 stereomicroscope equipped with a Nikon DS-Fi1 digital camera. The distal portion of the plant was observed using a Leo 1530 VP scanning electron microscope (SEM) at Nanjing Institute of Geology and Palaeontology, CAS (NIGPAS). Sketches of the images were drawn using Photoshop 4.0 software. Angiospermae Monocotyledoneae Family: Sinoherbaceae fam. nov. Genus: Sinoherba gen. nov. Type species: Sinoherba ningchengensis sp. nov. Family and generic diagnosis: Herb, approximately 26 cm tall, with an underground stem. Nodes on the underground stem with lateral roots. Rootlets fibrous. Stem straight, with obvious nodes, with branches on the upper nodes. Leaves attached to the nodes in whorls, strap-like, with two orders of parallel veins and sparse meshes. Panicle arising from the axil of a leaf. Flowers dense on rachis, probably dioecious, pistil surrounded by 2-3 whorls of perianth. Ovary with a short distal style, partially
The small size and maturity (suggested by the presence of flowers) of Sinoherba indicate that it is an herbaceous plant. To the best of our knowledge, herbaceous growth habit among living seed plants is restricted to angiosperms. Therefore, the herbaceous growth habit of Sinoherba per se suggests that this plant is likely an angiosperm 18 , a conclusion supported by other features of Sinoherba.
Sinoherba has a panicle subtended by an inflorescence bract, and the flower is composed of a pedicel, perianths and a gynoecium. Importantly, via their enclosed ovule before pollination, angiosperms are easily distinguished from gymnosperms; enclosed ovules before pollination have never been reported in gymnosperms 19, 20 . As seen in Figs. 4d, f-h and 6c-d, the basal ovule is fully enclosed by an ovary, the latter of which is completely sealed at the tip by a short style and is partially bilocular distally (Figs. 4g, h). These features are characteristic of angiosperms. As such, the angiospermous affinity of Sinoherba suggested above is confirmed.
The leaves of Sinoherba are arranged at its nodes, and the leaf petioles clasp the stem (Figs. 2, 3c-i); the leaves are not spirally arranged as might be expected according to angiosperm evolution theories 21 . Spiral phyllotaxy was formerly assumed to be ancestral in angiosperms 21 , and unfortunately, this belief is still pervasive among botanists. However, the phyllotaxy of Sinoherba apparently contradicts this belief. Sinoherba presents leaf characteristics that suggest a monocot affinity. The leaves of Sinoherba are oblong-lanceolate and with reticulate veins. The veins are of two orders: the first-order parallel veins converge at the apex, and the second-order veins join the first-order ones (Figs. 3f, h, i). The venation of Sinoherba is approximately parallel, a venation rarely seen in eudicots. The underground stem with fibrous rootlets (Fig. 3a ) excludes a possible Eudicot affinity for Sinoherba, as this type of stem morphology is frequently seen in monocots but rarely seen in eudicots 22 . Such a character assemblage and herbaceous habit suggest that Sinoherba is a monocot.
Sinoherba is probably an helobious plant. An herbaceous nature and roots borne on the basal nodes of underground stem suggest an helobious habitat. The absence of leaves and the presence of leaf scars on the basal nodes of the stem in Sinoherba (Figs. 3c, d) suggest that the leaves must have fallen off before fossilization. Sinoherba has two types of inflorescences: one is a developing panicle, and the other appears to be an infructescence that probably formed during a different flowering season. In contrast to the presence of leaves on the nodes discussed above, this phenomenon suggests that Sinoherba is likely a perennial and deciduous herb that can adapt to environment changes (suggested by leaf falling). Similar character assemblage has been reported for various monocot families, e.g., the Helobiae 23 .
To decipher the origin, evolution and systematics of angiosperms correctly and confidently, all hypotheses must be based on fossil evidence. Various fossils of early angiosperms from the Yixian Formation, including those of Archaefructus 1-4 and Sinocarpus 24, 25 , have shed important light on these issues, but few of those fossils are of whole plants. The fossil of Sinoherba is unique because it is an herbaceous whole plant, including the roots, stem, leaves, and inflorescences. Phylogenetic analyses of the morphological characters as well as the combination of characters and molecular data of both extant plants and Sinoherba demonstrate that Sinoherba is a monocot taxon 27 (Figs. 5, S1, S2).
When all the morphological characters of Sinoherba are evaluated in a phylogenetic context, Sinoherba nests in the angiosperm clade. The angiosperm clade is divided into three subclades: Archaefructus, monocots and eudicots. Archaefructus is a basal clade and is the sister of the monocots and eudicots. The Amborellaceae is the most basal subclade among the eudicots, while the Nymphaeaceae is the most basal subclade among monocots. Sinoherba is a monocot taxon and is the sister of the Najadaceae, an aquatic plant family ( Fig. S1 ). Phylogenetic relationships were reconstructed using a combination of morphological characters and plastid DNA regions. The phylogenetic relationships revealed in this analysis ( Fig. 5, Fig. S2 ) are similar to those revealed via morphologic characters alone. All analyses consistently placed Sinoherba among the monocots and indicated that it represents a sister of the extant Araceae and Helobiae families (Najadaceae, Alismataceae and Hydrocharitaceae). We hope future studies can test whether Sinoherba stands for the basalmost monocot. The characters unique to the Sinoherbaceae are illustrated in reconstruction of S. ningchengensis (Fig. 6 ).
The occurrence of basal ovule in S. ningchengensis is unexpected for classical angiosperm evolution. However, similar way of gynoecium forming is commonly seen in angiosperm and is recently termed as mixomery 26 . Apparently, this new findings in extant as well as fossil angiosperms deserve attention in future study of angiosperm evolution.
The discovery of S. ningchengensis and the phylogenetic and morphological analyses refute the Early Cretaceous origin of monocots. Instead, our results favour a more ancient origin of angiosperms. To determine the phylogenetic position of Sinoherba, we sampled 169 angiosperm taxa. A morphological matrix was constructed de novo (Table S1) ; the matrix integrated the majority of the morphological features coded (Table  S2) by Moreau et al. 28 . For a broad phylogenetic analysis, a total of 141 taxa were included in the analysis of the data set comprising four plastid DNA (rbcL, matK, trnL-F and psbA-trnH) sequences and one nuclear (ITS) sequence (The GenBank accession numbers are listed in Table S3 ). The DNA sequences were aligned with MEGA 5.05 29 using the Muscle model 30 and manually adjusted to account for obvious or missing inserts. We translated the basic DNA sequence groups A, T, G, and C into 1, 2, 3, and 4, respectively, and subsequently combined the DNA sequences and score information of the morphological characteristics. The phylogenetic analyses were carried out using the maximum parsimony (MP) method. The MP analysis was carried out using PAUP 4.0b10 31 . 132 Saxifragaceae 0(2 3)110622?001(0 1)2??111?110(0 1)000(0 6 7)2(0 1)(0 9)11(0 1 2)010110(0 1)(0 1)1(0 1)(0 1)(0 1)(0 1)2011(0 1 2)0(0 1)502(0 2)(0 1)1(0 1)10(1 2 3 4)(0 1 2 3)0(0 1)31(1 2)?0(0 1)1(0 9)1001150301111002 133 Crassulaceae (0 3)(0 2)11(0 1)6?(0 1)?001(0 1)27?1?1?110(1 2 3)(0 1)0002(0 1)9112(B D)10110(0 1)1(1 2)(0 1)(0 1)0120(0 1)0(0 1)005020(0 1)1110 (1 2 (1 2 3)011(0 1)6?1?001(0 1)24(0 1)111?110(0 1)00(0 1)001911(0 2)(0 1 2 5 B)1(0 1 2)11(0 1)11(1 2)100020(0 1)0(0 2)(0 1)0502(0 2)010006(0 2)0311(1 2)?(2 3)01(1 3 6 7 8)1001150301111002
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157 Malphighiaceae (1 2 3)(0 2)1116?1?00102421?1(0 1)110100(0 1)00(0 1)911(0 2)(0 1)1(0 5)11(0 1)111(0 1)01000000015(0 2)20010(1 2)0300(0 2)11(0 1 2 B)?201(2 4 7 8 9)10011(0 2 5)0301110002 158 Ochnaceae (1 3)(2 3)1116?1?00102411?10110(0 3)00000(0 1)911?(0 1)1011011(1 2)00(0 1)000(0 1)01005(0 2)2300(6 7)10(0 6)003513?(0 1)010100112030111(0 1)002 159 Rhizophoraceae (1 3)(2 3)1116?1?001(0 1)211111(0 1)110100100(0 1)9110(1 5 B)10110(0 1)1210(0 1)120(0 1)00015420(0 1)1(0 3 8)100303111?(0 1)0121001150301111012 160 Linaceae (0 3)211(0 1)6?(1 2)?0010241111(0 1)110(0 1)00(0 1)0?0(5 9)11011011011(1 2)(0 1)0(0 1)0200(0 1)00(0 1)502001(4 7)106003111?301(0 8)1001150301111002 161 Euphorbiaceae (0 1 2 3)(0 2)11(0 1)6?(1 2)?001(0 1)2421110110(0 1 2 3)00122(0 1)(3 9)11(0 1 2)(0 1 B)1(0 1 2)11(0 1)(0 1)(0 1)10000(2 6)0(0 1)0(0 2)(0 1)05(0 2)20(0 1)1000300230( 169 Fabaceae (0 1 2)(2 5)11(0 1)6?(1 2)?001(0 1 3)241101011(0 1)(0 1 2 3)(0 1)0(0 1)(0 6)?09110(0 1 2 5)1(0 1)11(0 1)101(0 1)(0 1)1(0 1)000(0 1)(0 1)0(0 1)5(0 2)2(2 3)(0 1)10001002110?20(1 2 4)(0 2 6 7 8)100112000101(0 1)002 Table S2 . Characters (The numbers in the parentheses are the values of each characters). Figure S1 . Phylogenetic relationships of the morphological characteristic score information. The numbers near the nodes are bootstrap percentages. "*" indicates that the node is 100% supported. "←" indicates the phylogenetic position of Sinoherba. Figure S2 . Phylogenetic relationships based on DNA sequence (rbcL, matK, trnL-F, psbA-trnH and ITS) and morphological characteristic score information of Sinoherba. The numbers near the nodes are bootstrap percentages. "*" indicates that the node is 100% supported. "←" indicates the phylogenetic position of Sinoherba.
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